T4 polynucleotide kinase (Pnk) is the founding member of a family of 5' kinase/3' phosphatase enzymes that heal broken termini in RNA or DNA by converting 3'-PO 4 /5-OH ends into 3'-OH/5'-PO 4 ends, which are then suitable for sealing by RNA or DNA ligases. Here we employed site-directed mutagenesis and biochemical methods to dissect the domain structure of the homotetrameric T4 Pnk protein and to localize essential constituents of the apparently separate active sites for the 5' kinase and 3' phosphatase activities. We characterized deletion mutants Pnk(42-301) and Pnk(1-181), which correspond to domains defined by proteolysis with chymotrypsin. Pnk(1-181) is a monomer with no 3' phosphatase and low residual 5' kinase activity. Pnk(42-301) is a dimer with no 5' kinase and low residual 3' phosphatase activity. Four classes of missense mutational effects were observed. (1) Mutations K15A, S16A, and D35A inactivated the 5' kinase, but did not affect the 3' phosphatase or the tetrameric quaternary structure of T4 Pnk. 5' kinase activity was ablated by the conservative mutations K15R, K15Q, and D35N; however kinase activity was restored by the S16T change. (2) Mutation D167A inactivated the 3' phosphatase, without affecting the 5' kinase or tetramerization. (3) Mutation D85A caused a severe decrement in 5' kinase activity and only a modest effect on the 3' phosphatase; the nearby N87A mutation resulted in a significantly reduced 3' phosphatase activity and slightly reduced 5' kinase activity. D85A and N87A both affected the quaternary structure, resulting in a mixed population of tetramer and dimer species. (4) Alanine mutations at 11 other conserved positions had no significant effect on either 5' kinase or 3' phosphatase activity.
INTRODUCTION
Polynucleotide kinase (Pnk) was discovered 35 years ago in extracts of E. coli infected with T-even bacteriophage (1) (2) (3) . Pnk catalyzes the transfer of the γ phosphate from ATP or other nucleoside triphosphates to the 5' OH terminus of DNA or RNA to form a 5' monophosphate polynucleotide and a nucleoside diphosphate; the enzyme also phosphorylates the 5' OH of nucleoside 3' monophosphates (1) (2) (3) . The use of T4 Pnk to label 5' DNA or RNA ends with 32 P was instrumental in the subsequent identification of DNA and RNA ligases and in the development of methods for the analysis of nucleic acid structure, molecular cloning, and nucleic acid sequencing.
Early biochemical studies showed that the kinase reaction is reversible (4) . Although it was initially proposed that T4 Pnk acts via a ping-pong mechanism with a phosphoenzyme intermediate (4) , kinetic analysis favors a sequential mechanism in which both ATP and the 5' OH polynucleotide bind the enzyme prior to dissociation of either product (5) . The stereochemical course of the reaction entails inversion of configuration of the transferred phosphate, indicative of an in-line mechanism in which the polynucleotide 5' OH directly attacks the γ phosphorus of ATP (6) . T4 Pnk is a bifunctional enzyme with an intrinsic 3' phosphomonoesterase activity that removes 3' PO 4 termini from DNA or RNA polynucleotides (7, 8) . The kinase and phosphatase active sites are apparently distinct insofar as: (i) the kinase and phosphatase functions have widely divergent pH optima; (ii) the activities are differentially sensitive to the protein-modifying agents diethylpyrocarbonate (inactivates the kinase) and N-ethylmaleimide (inactivates the phosphatase); (iii) the activities are differentially sensitive to digestion of the enzyme with trypsin (inactivates the kinase) and carboxypeptidase (inactivates the phosphatase); and (iv) a mutant T4 4 allele (pseT-1) encodes an enzyme that has normal polynucleotide kinase activity but no 3' phosphatase activity (8) (9) (10) .
Pnk purified from T4-infected bacteria is reported to be either a homotetramer (8, 12) or a homodimer (10) of a 33-35 kDa polypeptide. Gene cloning and sequencing revealed that the T4 kinase/phosphatase is a 301-amino acid polypeptide with a predicted size of 34 kDa (11) . The amino acid sequence of T4 Pnk is remarkable for the presence of a nucleotide-binding motif (a Walker A box) near the amino terminus and N-terminal sequence similarity to adenylate kinase. There have been no reported efforts to finely map the active sites of this historically important enzyme or to elucidate its structure during the many years since its gene was cloned.
As a bifunctional enzyme with a complex quaternary structure and a fascinating biological role in the repair of "broken" RNA molecules (13), T4 kinase is ripe for structure-function investigation. Here we present: (i) a mutational analysis that identifies individual amino acid side chains essential for the 5' kinase and 3' phosphatase activities; (ii) low-resolution dissection of structural domains by limited proteolysis and peptide sequencing; (iii) the identification of functional domains based on the proteolytic map; and (iv) the delineation of protein segments that contribute to a tetrameric quaternary structure. Ken Kreuzer, Duke University). The primers were designed to introduce NdeI and BamHI restriction sites at the 5' and 3' ends of the gene. The PCR product was digested with NdeI and BamHI and then cloned into the NdeI and BamHI sites of the bacterial expression plasmid pET16b (Novagen) to yield pET-PNK. Dideoxy sequencing of the entire insert of pET-PNK confirmed that no alterations of the genomic T4 DNA sequence were introduced during PCR amplification and cloning of the kinase gene.
Missense mutations were introduced into the Pnk gene by using the two-stage PCRbased overlap extension method (14) . pET-PNK was used as the template for the first stage PCR reaction. NdeI-BamHI restriction fragments of the mutated second-stage PCR products were inserted into pET16b. The inserts of the resulting plasmids were sequenced to confirm the presence of the desired mutations and the absence of any unwanted coding changes.
An N-terminal deletion mutant, Pnk(42-301), was constructed by PCR amplification of the PNK gene with a sense-strand primer that introduced an NdeI restriction site at Met42. A C-terminal deletion mutant, Pnk(1-181), was constructed by PCR amplification with an antisense-strand primer that introduced a stop codon in lieu of the codon for Glu182 and a BamHI site immediately 3' of the stop codon. NdeI-BamHI restriction fragments containing the truncated genes were inserted into pET16b. The resulting pET-PNK∆N and pET-PNK∆C plasmids were sequenced to exclude the introduction of any unwanted coding changes during amplification and cloning.
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Production and purification of T4 Pnk
The wild-type and mutant pET-PNK plasmids were transformed into E. coli BL21(DE3). Single ampicillin resistant colonies were inoculated into LB medium containing 0.1 mg/ml ampicillin and 50-ml cultures were grown at 37˚C until the A 600 reached 0.5. The cultures were placed on ice for 30 min, then adjusted to 0.3 mM isopropyl-β-D-thiogalactopyranoside (IPTG), and subsequently incubated at 17˚C for 15 h with continuous shaking. Cells were harvested by centrifugation and the pellets were stored at -80˚C. All subsequent procedures were performed at 4˚C. 8B ). Conducting the screening assays in this fashion highlighted the most severe mutational effects on catalysis (Fig.   2B ). Four mutants were grossly defective in catalysis: K15A, S16A, D35A, and D85A.
Two of the essential residues, Lys15 and Ser16, are constituents of the A box. One mutation, N87A, elicited a partial loss of function. The other twelve mutant proteins retained 5' kinase activity: G12A, S13A, G14A, T17A, W18A, R20A N33A, R34A, T86A, D167A, G168A, and T169A (Fig. 2B) . We surmise that none of these 12 side chains contributes significantly to catalysis of the kinase reaction.
Analysis of Pnk Quaternary Structure
The native sizes of the wild-type Pnk and the catalytically defective mutants were investigated by sedimentation through 15-30% glycerol gradients. Marker proteins catalase, BSA, and cytochrome c were included as internal standards. After centrifugation, the polypeptide compositions of the odd-numbered gradient fractions were analyzed by SDS-PAGE (Fig. 3) . The 37 kDa wild-type Pnk polypeptide sedimented as a discrete peak between catalase (248 kDa) and BSA (66 kDa), consistent with a globular tetrameric quaternary structure for Pnk, as reported previously (8, 12) .
The catalytically defective K15A, S16A, and D35A proteins sedimented similarly, indicating that the 5' kinase-inactivating mutations did not grossly affect the quaternary structure of Pnk. We infer that the Lys15, Ser16, and Asp35 side chains are essential constituents of the 5' kinase active site.
The D85A mutation, on the other hand, result in a subtle, reproducible alteration in the sedimentation profile, whereby the major component of the D85A protein sedimented less rapidly than wild-type Pnk, at a position closer to the BSA standard, and a minor component of D85A cosedimented with BSA (Fig. 4A) . A simple interpretation of the sedimentation profile is that the leading D85A component is an asymmetric tetramer and the lagging component is a dimer. This result implicates Asp85 in subunit-subunit interactions (directly or indirectly) and suggests a more complex interpretation of the deleterious effects of D85A on 5' kinase activity.
Structure-Activity Relationships at Essential Amino Acids
Conservative substitutions were introduced at each of the four residues that were defined by alanine scanning as essential for 5' kinase function in vitro. The seven recombinant proteins -K15R, K15Q, S16T, D35N, D35E, D85N, and D85E -were purified from soluble bacterial extracts by Ni-agarose chromatography (Fig. 5A) .
Replacement of the A box lysine (Lys15) by either glutamine or arginine did not restore 5' kinase activity (Fig. 5B) . These data establish a clear requirement for a positively charged residue, and lysine specifically, at this critical position of T4 Pnk. 5' kinase activity was restored fully when the A box serine (Ser16) was replaced by threonine.
Hence, the hydroxyl moiety is critical for the function of this residue in Pnk.
Replacement of Asp35 by asparagine was as deleterious to the 5' kinase activity as the D35A mutation. A low level of activity was restored by the D35E mutation (Fig. 5B ).
An acidic side chain at position 35 is evidently essential for catalysis and there appears to be a steric constraint that precludes full function of the larger glutamate side chain.
Strikingly different structure-function relationships were seen at Asp85, where introduction of asparagine restored 5' kinase activity, whereas a glutamate did not (Fig.   5B ). We surmise that: (i) the acidic carboxylate at position 85 is not critical for 5' kinase activity; (ii) sufficiency of the amide functional group implies an important hydrogenbonding interaction; and (iii) there is a steric constraint that hinders the function of glutamate in lieu of aspartate.
Effects of Alanine Mutations on 3' Phosphatase Activity 3' phosphatase activity was measured by conversion of a 5' 32 P-labeled oligonucleotide containing a 3'-PO 4 into a 5' 32 P-labeled 3'-OH-terminated product. The wild-type Pnk and all 17 Pnk-Ala mutants were assayed in parallel; the 3' phosphatase reaction mixtures contained 2 ng of input Pnk, an amount sufficient for saturating levels of dephosphorylation by the wild-type enzyme (see Fig. 8C ). The D167A mutation elicited the most severe mutational effect on 3' phosphatase function (Fig. 6 ). Glycerol gradient analysis showed that the D167A mutant sedimented as a tetramer (Fig. 3) .
Because the D167A mutation did not affect 5' kinase function or protein quaternary structure, we construe that Asp167 is a specific constituent of the 3' phosphatase active site.
Fourteen of the alanine mutants retained 3' phosphatase activity: G12A, S13A, G14A, K15A, S16A, T17A, W18A, R20A, N33A, R34A, D35A, T86A, G168A, and T169A (Fig. 6) . It was especially instructive that K15A, S16A, and D35A, which were defective in 5' kinase activity, were catalytically competent in 3' dephosphorylation. These data provide strong evidence that the 5' kinase and 3' phosphatase active sites are distinct and they show that the amino acid side chains in and around the A box play no significant role in the 3' phosphatase reaction.
The N87A mutation resulted in a significant reduction in 3' phosphatase activity (Fig. 6) ; this mutation also caused a modest reduction in 5' kinase activity (Fig. 2B) . The nearby D85A mutation, which caused a severe decrement in 5' kinase activity, had only a modest effect on the 3' phosphatase (Fig. 6 ). Glycerol gradient sedimentation of N87A
showed two components: a heavier, presumptive tetrameric species sedimenting between catalase and BSA and a lighter species cosedimenting with BSA, which we presume is a dimer (Fig. 4B) . The 5' kinase activity profile of N87A across the glycerol gradient showed that catalytic activity was exclusive to the fraction corresponding to the tetrameric component (not shown). These results suggest several models to account 
Structure Probing by Limited Proteolysis with Chymotrypsin
The purified His-tagged Pnk was subjected to proteolysis with increasing amounts of chymotrypsin (Fig. 7) . N-terminal sequencing of the undigested Pnk polypeptide by automated Edman chemistry after transfer from an SDS-gel to a PVDF membrane confirmed that the N-terminal sequence started from the second residue of the His-tag.
Apparently, the Pnk suffered removal of the initiating methionine during expression in E. coli. Initial scission of the 37 kDa Pnk by chymotrypsin yielded four major products, C1, C2, C3, and C5 (Fig. 7A, lane 10) . N-terminal sequencing showed that the C1 species consisted of two polypeptides: one arising via chymotryptic cleavage between Tyr30
and Asn31 and one generated by cleavage between Met42 and Ala43 (Fig. 7B) . The sites of proteolysis are demarcated by arrows above the Pnk sequence in Fig 1. The C2 species was also composed of two polypeptides: one cleaved at Tyr50/Lys51 and one at 14 Tyr52/Lys53 ( Fig. 1 and Fig. 7B ). (The predicted N-terminal products of these cleavages were too small to detect in this gel-based assay.) The C3 species, which retained the Histag, and the C5 species, starting at Asp180, likely arose as the products of a single proteolytic cut at Tyr179/Asp180. High levels of chymotrypsin, in excess of the amount sufficient to cleave all the input Pnk, resulted in the decay of the C1, C2, and C3 species and the appearance of a major lower molecular weight cleavage product C4, which arose via cleavage at Tyr179/Asp180 (Fig. 7A) .
A scheme to account for the chymotryptic digestion pattern is shown in Fig. 7B . The results suggest parallel pathways entailing alternative initial cleavages near the Nterminus or else internally at Tyr179. The pathways converge after secondary cleavages of the major products C4 and C5. We surmise that the C4 and C5 fragments are themselves well-folded insofar as they were resistant to digestion by concentrations of chymotrypsin sufficient to cleave all the input Pnk.
Characterization of N-terminal and C-terminal Domains of T4 Pnk
In light of the proteolysis results, we engineered an N-terminal deletion mutant Pnk(42-301) and a C-terminal truncation Pnk(1-181), referred to henceforth as ∆N and ∆C, respectively. The ∆N protein (corresponding to proteolytic species C1) and ∆C protein (corresponding to proteolytic species C3) were produced in bacteria as Nterminal His 10 -fusions and purified from soluble lysates by Ni-agarose chromatography (Fig. 8A ).
The ∆N protein was inert with respect to 5' kinase activity (Fig. 8B) ; this result was expected given that the A box essential for kinase function was encompassed within the deleted N-terminal peptide (Fig. 1) . The ∆C protein retained 5' kinase function; however, the specific activity was only 5% that of the full-length Pnk (Fig. 8B ). In addition, the dependence of 5' kinase activity on ∆C concentration was conspicuously sigmoidal.
The deletions elicited the converse effects on the 3' phosphatase activity, i.e., ∆C was inert as a 3' phosphatase, whereas ∆N retained 3' phosphatase function, albeit with only 3% the specific activity of full-length Pnk (Fig. 8C ). These findings suggest that an essential constituent of the phosphatase active site is located within the C-terminal domain, Pnk(182-301). (Fig. 9) . The ∆C polypeptide, with a calculated mass of 23 kDa, sedimented as a discrete peak between ovalbumin and cytochrome c, consistent with a monomeric native structure for the ∆C protein. In contrast, the ∆N polypeptide, with a calculated mass of 32 kDa, sedimented a discrete peak at a position between BSA and ovalbumin, which indicated that the ∆N protein is a homodimer (Fig. 9) . We surmise that the C-terminal domain is essential for attaining any oligomeric structure of Pnk, whereas the N-terminal peptide is required specifically for the transition from dimer to tetramer. Our studies were performed using recombinant Pnk protein containing a short Nterminal polyhistidine tag. To determine if the His-tag affects the kinase activity or quaternary structure of T4 Pnk, we produced and purified recombinant Pnk protein containing an N-terminal His-Smt3 domain, then removed the His-Smt3 domain via digestion with Ulp1, a cysteine protease that hydrolyzes the polypeptide backbone exclusively at the junction of His-Smt3 with the downstream polypeptide (28) . We then purified the untagged Pnk away from the His-Smt3 domain. Pnk lacking the tag sedimented in a glycerol gradient as a discrete tetrameric species and its 5' kinase specific activity was equivalent to that of the wild-type His-Pnk enzyme used in the studies presented above (data not shown). Therefore, the His-tag is unlikely to affect the structure-function relationships illuminated here.
We find that the N-terminus is required for the 5' kinase activity of T4 Pnk because it contains the A box element that contributes two essential side chains -Lys15 and Ser16
-to the kinase active site. Crystallographic studies of other A box proteins show that the invariant lysine makes direct contact with the β and γ phosphates of the bound nucleotide (18, 19) . Our findings that the K15A, K15R, and K15Q mutations inactivate the 5' kinase are in accord with mutational analyses of several other A box proteins in which the lysine cannot be functionally substituted by arginine (20) (21) (22) . The amino acid adjacent to the A box lysine is typically either threonine or serine (albeit not in adenylate kinase). In T4 Pnk, a threonine is fully active in lieu of Ser16, whereas the S16A mutant is catalytically defective. In H-ras p21 bound to GMPPNP, the serine hydroxyl in the GKS element interacts with the β phosphate and with magnesium coordinated to the β and γ phosphates (18) . Although we did not explicitly target the C-terminus and the 3' phosphatase in the present round of alanine scanning mutagenesis, we did identify Asp167 as an essential, and presumptively catalytic, constituent of the 3' phosphatase domain. This aspartate is conserved in the baculovirus Pnk homolog (which has not been characterized biochemically) and in the human DNA 5' kinase/3' phosphatase and its homologs in S.
pombe and C. elegans (16, 17) . Although it had been suggested based on sequence alignments that this aspartate resides within a putative phosphatase motif FDLDGTL (16, 17) , the present study provides the first evidence that the aspartate is actually important for the polynucleotide 3' phosphatase reaction. We also show that the vicinal residues Gly168 and Thr169 are not important for 3' phosphatase activity of T4 Pnk, even though they are conserved in other Pnk-like proteins.
The mapping of protease-resistant Pnk fragments, presumably corresponding to folded structural domains of Pnk, led us to characterize recombinant Pnk truncations corresponding to the species generated during proteolysis. We thereby found that the carboxyl-domain from 182-301 is essential for both Pnk oligomerization and 3' In summary, our findings suggest a complex functional organization of T4 Pnk in which the 5' kinase and 3' phosphatase sites are distinct and full catalytic activity depends on a proper tetrameric quaternary structure. We anticipate that further rounds of mutational analysis of T4 Pnk, in tandem with efforts to crystallize the enzyme, will illuminate the phosphoryl transfer and phosphohydrolase reaction mechanisms. Secondary cleavages ensue at the sites depicted by arrows to yield the protease-resistant fragment C4 and C5, which are construed to represent folded domains. by guest on September 1, 2017
